The effects of elevated free-stream turbulence on flow and thermal structures in transitional boundary layers were investigated experimentally on a heated flat plate. Detailed boundary layer measurements using a three-wire probe and wall heat transfer were made with free-stream turbulence intensities of 0.5, 3.8, 5.5 and 6.4 percent respectively. The onset of transition, transition length and the turbulent spot formation rate were determined. The statistical results of the streamwise and cross-stream velocity fluctuations, temperature fluctuation, Reynolds stresses and Reynolds heat fluxes were presented. The eddy viscosity, turbulent thermal diffusivity and the turbulent Prandtl number were calculated and related physical mechanisms are discussed. Ar integral length scale, U u(t)u(t -1-r)/u2 dr o v = kinematic viscosity p = density a = turbulent spot propagation parameter r = shear stress Subscripts e = at transition end s = at transition start w = at the wall -in the free-stream
NOMENCLATURE
Ar integral length scale, U u(t)u(t -1-r)/u2 dr o v = kinematic viscosity p = density a = turbulent spot propagation parameter r = shear stress Subscripts e = at transition end s = at transition start w = at the wall -in the free-stream
INTRODUCTION
One of the key factors in improving the prediction of the thermal load on gas turbine blades is to improve the understanding of the momentum and thermal transports during the lami ar-turbulent transition process (Graham, 1979 (Graham, & 1984 Mayle, 1991) . As much as 50 -80 percent of the surface of a typical turbine blade is commonly covered by flow undergoing transition (Turner, 1971) . Transition from laminar to turbulent boundary layer flow significantly increases the local wall shear stresses and the convective heat transfer rates. These increases must be appropriately factored into the design of gas turbine blades. Unsatisfactory prediction of the location and streamwise coverage of transition on gas turbine blades can result in either reduced longevity and reliability of the blade or engine performance below design objectives. In gas turbine environments, one of the most important factors controlling the transition process is elevated free-stream turbulence intensity (FSTI). Measurements of FSTI at the inlet of the turbine show values of 5 to 10 percent due to the disturbances from the upstream conditions. Turbulence in the wakes following the trailing edges of the vanes can be as high as 15 to 20 percent (Mayle, 1991) . Very few experiments have been conducted to examine transition at such FSTI levels.
At low FSTI levels, boundary layer transition begins with a weak instability in the laminar boundary layer and proceeds, through various stages of amplified instability, to fully turbulent flow ( Schubauer & Skramstad, 1948; Klebanoff, Tidstrom & Sargent, 1962) . The critical Reynolds number, above which the selective amplification of the 2-dimensional infinitesimal disturbances may occur, and the growth rates of the amplified disturbances, can be predicted by linear instability theory. At high free-stream turbulence, the amplification of linear instability waves is bypassed in such a manner that turbulent spots are directly produced within the boundary layer by the influence of the finite perturbations, which provide a non-linear transition mechanism (Morkovin, 1969) . Since linear instability theory is irrelevant in this case, this bypass transition is much more difficult to analyze and is poorly understood. Even the conventional view of a laminar boundary layer need be modified or redefined in such high FSTI levels. Dyban, Epik, and Suprun (1976) investigated the structure of laminar boundary layers which developed under elevated FSTI of from 0.3 to 25.2 percent. They found a peak in the RMS streamwise velocity fluctuation (u') in the late-laminar boundary layers. The entire u' profiles were elevated due to the penetration of the high FSTI. The maximum penetration occurred for the 4.5 percent FSTI case. They called the laminar boundary layers generated at very high FSTI "pseudo-laminar" to distinguish them from both the purely laminar layer and the fully turbulent layer that develops at low turbulence. Their results, though interesting, were limited to the distribution of disturbances within the laminar boundary layer. The onset and end of transition for a flat plate was investigated by Abu-Ghannam and Shaw (1980) in a lowspeed wind tunnel with FSTI ranging from 03 to 5 percent. Their results showed that the higher values of FSTI result in an earlier transition and a shorter transition length. Suder, O'Brien and Reshotko (1988) investigated the effects of FSTI ranging from 0.3 to 5 percent on boundary layer transition. They observed linear growth of the Tollmien-Schlichting (T-S) waves with an FSTI of 03 percent and the bypass transition mechanism for an FSTI of 0.65 percent and higher. Their results indicated that there exists a critical value of the peak RMS of the velocity fluctuations within the boundary layer of approximately 3 to 3.5 percent of the free-stream velocity. Once the unsteadiness within the boundary layer reached this critical value, turbulent bursting was initiated, regardless of the transition mechanism. More information on transition, especially the bypass transition, can be found in the discussion of instability and transition predictability by Morkovin (1978) . Many other reviews of boundary layer instability and transition can be found in the literature, e.g., Reshotko (1976) , Tani (1981), and Narasimha (1985) . An extreme wealth of information on the role of laminar-turbulent transition in gas turbine engines can be found in Mayle (1991) .
Studies of elevated free-stream turbulence effects on heat transfer in transitional boundary layer flows are limited and are much less numerous than those treating fluid mechanics. Blair (1982) conducted several tests with a uniformly heated flat wall in accelerated transitional boundary layers with FSTI ranging from approximately 0.7 to 5 percent. He concluded that the transition Reynolds number is relatively insensitive to acceleration at even moderate turbulence levels (around 4 percent). The results of Blair's tests showed the combined effects of FSTI and pressure gradients; however, the isolated effects of the elevated FSTI alone were not available. Wang, Simon and Buddhavarapu (1985) investigated the heat transfer and fluid mechanics in transitional boundary layers with 0.68 and 2.0 percent FSTI. They observed that average turbulent Prandtl number values in the early turbulent flow are 20% higher than 0.9, a value known to apply to fully turbulent flow. This average Prandtl number reduces as FSTI increases. Temperature profiles in the late transitional and early turbulent flows have a thicker conduction layer than those in fully turbulent flow. This conduction thickness decreases as the FSTI level increases. They also pointed out that the effect of elevated FSTI penetrates to very near the wall in the profiles of Reynolds streamwise normal stress (u'). However, the effect of elevated FSTI on the Reynolds shear stress (-uv) and the mean velocity profiles is seen, predominantly, in the outer portion of the boundary layer. Kim, Simon and Kestores (1989) performed fluid mechanics and heat transfer measurements in transitional boundary layers which were conditionally sampled on intermittency for two different values of FSTI, 032 and 1.79 percent. The turbulent heat flux was measured by using a triple-wire probe. The results showed that a large increase in turbulent heat flux above the wall heat flux value occurs within the turbulent spot, and the turbulent Prandtl numbers in the turbulent core region of the transitional flow are smaller than unity. Contrary to Kim et al.'s results, the most recent experimental results of Sohn and Reshotko (1991) , Shome (1991) and_ showed that the cross-stream heat fluxes (vt) are highly negative values in the middle transitional region. The layer of negative vt becomes thinner and moves toward the wall as the flow proceeds downstream. Also, Sohn and Reshotko reported that the velocity profiles were observed to lag the temperature profiles during the transitional process to turbulent flow, which is the opposite of the observations of Blair (1982) , Wang et al. (1985) and Kim et al. (1989) . The boundary layer spectra in Sohn and Reshotko's report indicated selected amplification of T-S waves for 0.4 percent FSTI as predicted by linear instability. For 0.8 percent and 1.1 percent FSTI, T-S waves are localized very near the wall and do not play a dominant role in the transition process.
The present experimental study investigates boundary layer transition over a heated flat plate with a free-stream turbulence range of from 0.5 to 7 percent. A miniature 3-wire probe was employed to measure both the instantaneous streamwise, cross-stream velocity components and the temperature simultaneously. The onset and end of transition were obtained both from the wall Stanton number measurements and from boundary layer flow and thermal structure measurements. The emphasis of this paper is on the study of the evolution of Reynolds shear stresses and heat fluxes, eddy viscosity, turbulent thermal diffusivity and turbulent Prandtl number under the influences of elevated FSTI during the process of laminar-turbulent transition.
EXPERIMENTAL PROGRAM
Wind Tunnel. The present research employed a 2-D, open circuit, blowing type wind tunnel. The detailed description of the design considerations and construction specifications was documented by Kuan (1987) and Kuan & Wang (1990) . Air is drawn through a filter box, then forced through two grids, a honeycomb, a heat exchanger, a screen pack and a contraction nozzle before entering the test section. The flow rate can be adjusted steplessly from 0.5 m/s to 35 m/s by a combination use of an inlet damper and a constant-torque, variable frequency motor controller. The steadiness of the free-stream velocity and temperature can be maintained within 1% and 0.5°C for a 24-hour period, and the uniformity is within 0.7% and 0.1°C, respectively.
Test Section. The rectangular test section is 0.15m wide, 2.4m long and 0.92m high with an aspect ratio of 6. The large aspect ratio reduces edge effects and ensures the two dimensionality of the boundary layer flow. One of the test section walls served as the test wall. The heat patch inside the test wall was constructed of a serpentine heater foil sandwiched between glass cloth and silicon rubber sheets. A 1.56 mm thick aluminum sheet was vulcanized to the front surface of the heater pad to ensure uniformity of the heat flux. A 1.56 mm polycarbonate sheet was placed on the aluminum surface to provide a smooth test surface on which the air flows and measurements were taken. The surface temperature was measured by 184 3mil E-type thermocouples which were embedded strategically inside the test wall to capture the spanwise variation of wall heat transfer in a transitional boundary layer. Fourteen measuring holes were drilled along the outer observation wall centerline in the test section and measurements were obtained by traversing the probe through these holes into the test section. Boundary layer suction was applied at the leading edge of the test section so that a near zero thickness boundary layer can be achieved at the leading edge. The detailed construction consideration and description of the heated test wall are contained in and Zhou (1993) .
Turbulence Generating Grids. The background FSTI of this wind tunnel was about 0.5 percent. The higher turbulence levels required for this study were generated by inserting various turbulence generating grids into the wind tunnel. The turbulence generating grids consisted of bi-plane rectangular bar arrays with approximately a 69 percent open area (Fig. 1) . The grids were designed based on the recommendation of Baines and Peterson (1951) to produce test section turbulence levels ranging from approximately 3 to 7 b *, 
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percent. Grid generated turbulence decays with distance from the grid. The decaying rate becomes smaller when the distance from the grid increases. In order to generate homogeneous and slowly decaying turbulence, the turbulence generating grids were inserted at the entrance to the main tunnel contraction instead of placing them at the inlet of the test section. The grids are referred to as grid 1, 2, and 3, corresponding to mesh widths, M, of 19.05, 24.13 and 33.02 cm, respectively. The test case with only background turbulence (no grid) served as the baseline case.
instrumentation and Data Reduction. A three-wire sensor was specifically designed to measure the instantaneous longitudinal velocity, cross-stream velocity and the temperature simultaneously. The development and qualification of this three-wire sensor was described by Shome (1991) and . Basically, an 'X' array, consisting of gold plated tungsten wires 1.0 mm long and 2.5 Inn in diameter, is used for velocity measurement. The sensing length is 0.5 mm, and is etched in the center. The spacing between the 'X' array is 0.35 mm. The temperature sensor is a 0.35 mm long (with a sensing length of 0.35 mm) and a 1.2 gm diameter unplated platinum wire placed in a plane parallel to the plane of the crossed wires and spaced 035 mm from the 'X' array. To allow for near-wall measurement and to reduce probe interference, the probe support was bent at an angle of 10° from the wire axis. However, the x-wires are still perpendicular to each other. Two X-wires were operated at an overheat ratio of about 1.2 (hot wires) in the constant temperature mode. The 1.2 1.1.111 platinum wire was operated at a very low current of 0.1 mA (cold wire) in the constant current mode. In order to have a sufficiently extended length of transition for detailed measurements on the test wall, extremely low speed flows were provided for elevated FSTI cases. The unsteadiness, which commonly occurs in low speed operations, was overcome by a combined use of the inlet fan damper and the frequency controller. The typical overheat ratio of 1.5 for a standard 4.5 uni tungsten wire was found to significantly contaminate the cold temperature wire. The temperature wire reading had an error of 10°C when the x-wires were turned "on" compared with that when the x-wires were turned "off' in the near-wall region in a boundary layer with the wall temperature 20°C above the free-stream temperature and at the free-stream velocity about 1 m/s. Therefore, relatively low overheat ratios for the x-wires were required in order to minimize the "crosstalk" between the x-wires and the temperature sensor. However, better velocity sensitivities for the x-wires required higher overheat ratios. For compromise, an overheat ratio of about 1.2 was chosen. The method of Chua and Antonia (1990) was used for correcting temperature contamination of the hot wires. Based on this method, the hot wire signals were corrected by using instantaneous temperatures instead of instantaneous temperature fluctuations. At low free-stream velocities, it was found that if the flow direction deviates a very small angle, from ±45° to the x-wires, a significant change of the results of the Reynolds shear stress (uv) and the cross-stream Reynolds heat flux (vt) would occur. This small flow angle was found by assuming that the mean cross-stream velocitiy (V) is zero in the free stream. A typical flow angle of 3° can result in a 50% error in the uv and vt measurements at free-stream velocity of 2 m/s. A TSI Model IFA 100 Intelligent Flow Analyzer system was used as a constant temperature anemometer. The IFA 100 allows simultaneous operation of up to four channels. A DISA M20 temperature bridge was used for operating the cold wire in the constant current mode. Three TSI Model 157 signal conditioners were used in the external mode for low pass filtering of all anemometer signals including that from the DISA M20. An 80386 microprocessor based, 20 MHz personal computer was used as the data acquisition controller. A MetraByte DAS-20 multi-function high speed A/D data acquisition board was internally installed in the PC. A high speed data acquisition software routine, STREAMER, was used to stream digital input data from DAS-20 directly into the hard disk. The sampling rate was 2 KHz and the sampling duration was 20 seconds.
The wall temperature measurements were performed through a FLUKE Model 8842A 5 1/2 digital multimeter with a built-in A/D converter and a FLUKE 2205A 100-channel switch controller, which allowed scanning/acquisition of wall thermocouple emf at various switching rates up to 5 channels/second.
Wall Stanton number was calculated from the power supplied to the heated test wall and the wall temperature measurement. The heat flux was corrected for the radiation loss, back & streamwise conduction loss. The wall temperature was corrected for front polycarbonate wall conduction effects, the radiation loss, back & streamwise conduction loss, The detailed instrumentation description is contained in Shome (1991) and .
RESULTS AND DISCUSSION
In this experiment, three different sizes of grid were used to produce different free-stream turbulence levels in the test section. The case with no grid served as the baseline case. The results of the baseline case were reported in a previous paper by . The FSTI distributions along the streamwise direction in the test section, based on the three components of the velocity fluctuation, are shown in Fig.2 . For the baseline case and the grid 1 case, as shown in this figure, the FSTI remains almost constant through the test section. For the grid 2 and grid 3 cases, the FSTI increases at first, to station 4, and then starts to decay. The ratios of v'/u' and w'/u' in the free-stream, as shown in Fig. 3 , are not isotropic for the baseline and grid 2 cases, but they are near isotropic for the grid 1 and 3 cases. The three components of the velocity fluctuation and their length scales in the freestream were documented in detail by Thou (1993) .
The spectral distributions of u' in the free stream for all three elevated FSTI cases are similar. One representative case of grid 2 is shown in Fig. 4 . The 1-D spectrum Ei(f) is normalized by the u'2 , the integral length scale Af and the free-stream velocity U,". The frequency f is normalized by Af & U... Also shown in this figure is Taylor's 1-D energy spectrum (Hinze, 1975) . The spectral distribution E1(f) follows Taylor's 1-D energy spectrum in the low frequency range and deviates from it in the high frequency range. In the high frequency range, the spectrum E1(f) has a distinctive slope of -4. This is consistent with the typical spectrum of grid generated turbulence (Kistler and Vrebalorich, 1966) .
Heat Transfer. Three sets of Stanton number data were taken for each case in each 22-hour run. The first set was obtained after a 12-hour stabilization period followed by two sets obtained at 17 hours and 22 hours, respectively. Between these measurements of wall temperatures, boundary layer measurements were conducted. The maximum variation in Stanton numbers during a 10-hour period was approximately ±3%. An uncertainty analysis of the Stanton number measurement, following the procedure documented by Wang Skin Friction. The skin friction coefficients in the laminar region and transitional region were determined by extrapolating the linear correlation to the wall. The Clauser technique was employed for determining the skin friction coefficients in the turbulent region by best fitting the data points to the logrithmic law-of-the wall profile. The development of the skin friction coefficients, shown in Fig.  6 , are similar to that of the Stanton number (Fig. 5) . The effect of the elevated FSTI on the skin friction in the laminar region is negligible. The effect in the turbulent region is not conclusive due to limited data points and the typical overshooting behavior of Cf in the early turbulent flow region. Re. 
Transition Start and Turbulent Spot Formation
Rate. In the present study, the onset and end of transition were primarily judged by the Stanton number and cross checked with the skin friction distributions and the evolution of the mean velocity and temperature profiles. The corresponding values of x, Rex, Res*, and Ree at onset and at the end of transition for each case are listed in Table 1 . The results indicate that elevated FSTI affects an early onset of transition and reduced extent of transition length based on Rex, as well as on Res* and Ree.
The key characteristic in laminar-turbulent transition flow is the randomly intermittent laminar-turbulent behavior. The fraction of time the flow is turbulent is defined as the intermittency. Emmons (1951) presented a statistical theory for transition and provided an expression for the intermittency. Later, the theory was extended by Dhawan and Narasimha (1958) who showed, for time-averaged twodimensional flows, that turbulent spots originate within a narrow region on the surface at some distance, x t, from the leading edge, and that the turbulent spot production could be represented by a Dirac delta function. Based on this intermittency theory, once the location of the transition onset and the turbulent spot formation rate are known, the location of the end of transition and the intermittency distribution within the transition region can be predicted. The present calculation of the turbulent spot formation rate is based on the equation, na = 4.6/(Rexe-Rexs)2 ( Mayle, 1991) , in which the effect of FSTI is implicitly embedded in the Re xe and Rexs.
The onset of transition, based on the momentum thickness Reynolds number, and the calculated turbulent spot formation rate, nCY, are plotted in Fig. 7 . Also shown are the empirical correlations, Re es = 400 (FSTI) -5/8 and MT =13 x 10 " 11 (FSTI) 7/4 , given by Mayle (1991) which were formulated based on flat-wall, non-accelerated flow data. For the elevated FSTI cases, the present data agree with Mayle's correlation. For the baseline case, the onset of transition is earlier and the calculated no is larger than that predicted by Mayle's correlation. This indicates that some other factors, which were not incorporated into Mayle's correlations, influence the transition process in low FSTI environment. For a wellcontrolled experiment of a low FSTI transitional flow study, Mean Velocity and Temperature Profiles. Mean velocity and temperature profiles are plotted in wall units in Fig. 8 and Fig. 9 , respectively. Since their overall evolution during the transition process is similar to that of the 2% FSTI due to the high FSTI, which is consistent with the previous results of Blair (1983) and Wang et al. (1987) . In the transition region, the mean profiles deviate from the typical laminar and turbulent profiles. No established method has been developed to compare them to those of the low FSTI cases.
Streamwise Reynolds Normal Stresses Cul. The streamwise evolution of Reynolds normal stress intensity, u'/U., is shown in Fig. 10 obvious that the effect of elevated FSTI on v' is more predominant in the outer boundary layer than in the inner boundary layer. It appears that v', in the boundary layer, is affected by FSTI through an energy diffusion process rather than through a convective motion, or through a correlation with pressure fluctuations (return-to-isotropy). This speculation arises from by observing that the magnitude of v' in the freestream seems to control the v'-distribution in the outer boundary layer since the data points for each curve, for all flow regions, indicate a smooth curve which asymptotically approaches the free-stream value of v'. A typical near-wall peak of v', which appears in the transition region for the baseline case (e.g., at station 7), is not observed in the elevated FSTI cases. Apparently, the elevated turbulence in the freestream does not promote the cross-stream component of the near-wall turbulence energy production, which produces large magnitudes of energy in the streamwise component. The v'/U., distribution in the turbulent flow region at station 12 for the grid 1 case, which has lower FSTI than the grid 2 case, is superimposed in Fig. 11 . A peak in v' can be clearly seen near y/8=0.2. The mechanism involved in producing this round peak can be very different from the nearwall sharp peak prevailing in the low FSTI cases. However, it is not clear how the near-wall production of the v'-component turbulence energy is suppressed in the elevated FSTI cases and why the highest v' value occurs away from the wall. Also shown in this figure are the varying values of v'/U", in the freestream along the streamwise direction in the test section. The value of which can be read from values beyond y/8=1.6 from Fig. 11 , shows a variation from about 4.5% at stations 1 and 2 to 7% at stations 3 to 5 and back down to 4.5% at stations 10 to 12. This trend can also be seen from v'/u' in Fig. 3 since u' remains nearly constant along the streamwise direction.
RMS Temperature Fluctuation (I'
). The evolution of the rms temperature fluctuation for the grid 2 case, f/(T w-T,".), as presented in Fig. 12 , is very similar to u', with an elevated value across most of the boundary layer except in the outer boundary layer (y/8>0.8), where the elevated FSTI does not enhance e as would be expected in a nearly isothermal region.
Reynolds Shear Stress (jaa. The evolution of the normalized Reynolds shear stress, -uv/u* 2 , for the grid 2 case, and also the comparison with the baseline case, are shown in Fig. 13 . For the grid 2 case, the normalized Reynolds shear stress reaches a maximum value of about 1.9 at stations 4 and 5. The peak value in the boundary layer then decreases and the peak location moves closer to the wall. This evolution of uv indicates that the turbulent shear is not generated near the wall as is that for u', but is produced away from the wall, at about y/8=0.3, and progresses toward the wall to eventually affect the wall shear. This progression is similar to that for the baseline case. The detailed description was provided by . The peak location for the baseline case in the turbulent region at station 12 is closer to the wall than that for the grid 2 case. The effect of elevated -ut/{q"w/pCp } reaches its maximum value of almost 10 near stations 4 and 5. Then the peak value in the boundary layer decreases and the peak location moves closer to the wall. The peak value in the turbulent flow region is about 7. For the baseline case at station 12, the peak value is only about 2, much lower than that for the grid 2 case. The locations of these peaks closely correspond to those of the peaks for u' (Fig. 10 ) and t' (Fig. 12) . As shown in Figs. 10 and 12, u' and f are much higher in the laminar and turbulent regions for the grid 2 case than for the baseline case, but are about the same in the transition region as in the baseline case. The lower value of -ut/{q" w /pCp } in the transition region for the grid 2 case compared to that in the baseline case is unexpected. In view of the higher values of u' and t' for grid 2 case, this low value of -ut indicates that the correlation between u and t at lower FSTI is much better than that at elevated FSTI in transitional boundary layer flow. As shown in Fig. 15 for the grid 2 case, the normalized cross-stream Reynolds heat flux, vt/(tf' w/pCp ), reaches its maximum value of about 0.9 at stations 6 and 7 in the transition region. This is later than ut, which reaches its 1.6 2.0 maximum value at station 4. The peak value of vt/{ (1"w/PCp then decreases with the peak value in the turbulent region to about 0.7. The baseline case at station 7 is also shown in Fig. 15 for comparison. Negative vt occurs in the inner boundary layer for the baseline case but no negative vt is observed in the elevated FSTI cases. The possible explanations of this negative value were discussed by . The spatial resolution of the probe is of special concern near the wall because of the decreasing eddy size as the wall is approached and the thin boundary layer in the baseline case. For the higher FSTI cases, the free-stream velocity (-2m/s) was much lower than that for the baseline case (-12m/s), so that the boundary layer was much thicker. In the turbulent boundary layer the magnitude of vt is elevated across the entire boundary layer for the grid 2 case, as compared to the baseline case at station 12 in Fig. 15 .
Eddy Diffusivities and Turbulent Prandtl
Number. The eddy viscosity, Cm, and the turbulent thermal diffusivity, EH, normalized by their molecular counterparts at three stations for the grid 2 case, are shown in Fig. 16 . The results for the baseline case at station 12 are also shown for comparison. For the grid 2 case, at station 1, where the flow behaves as laminar, the turbulent transport is low compared with the molecular transport, as expected, whereas for transitional flow (station 5) and turbulent flow (station 12), the turbulent transport is much higher than the molecular The turbulent Prandtl number, Prt, the ratio of the eddy viscosity over the turbulent thermal diffusivity, is shown in Fig. 17 for the grid 2 case. The data points are scattered in the early transition region (stations 4 to 6) but stabilized in the turbulent region (stations 10 to 12). In the region between y/8 = 0.2 to 0.8, the Pr t values are close to 1.2 to 1.6, which are higher than 0.9, a value commonly applied to fully turbulent flow for low FSTI cases. In the near-wall region (y/8 < 0.2), Prt values are larger than 2. The validity of these values needs further verification due to the limits in spatial resolution in the near-wall region. However, values of Ph in the region of y/6 0.2 are believable. Based on these results, the higher turbulent Prandtl number (1.2 -1.6) in the transitional and low-Reynolds-number turbulent flow should be considered in the modeling of transition. The previous discussion is based on the comparison between the results of the baseline case and those of the grid 2 case. The comparisons among the grid 1, grid 2 and grid 3 cases are shown in Fig.18 . At maximum u' station in the transition region (Fig.18a) , the effects of the different grids on the u'/Uc., and v'/U. are confined in the outer region of the boundary layer (y/8>0.4), which are influenced by the different FSTI levels. In the fully turbulent region, the peak value of u'/U, s., is slightly elevated due to a higher FSTI level (e.g., higher grid number). A peak of in the boundary layer is evident for grid 1 case, but is not observed for grids 2 and 3 cases due to the higher FSTI levels. Since the streamwise evolutions of uv, ut, vt and Ph for these three grids are similar during the transition process, only the comparisons of the Pr, distributions are presented. As shown in this figure, the Ph distributions for these three grids are very similar at maximum u' station and in the fully turbulent region.
CONCLUSION
Experiments were performed to investigate the effects of elevated FSTI (3-7%) on flow and thermal structures in heated transitional boundary layers. Wall heat transfer measurements indicated that elevated FSTI values result in an earlier onset of transition and reduced length of transition in terms of Rex , Reg*, and Reg. The calculated turbulent spot formation rates at elevated FSTI cases agree with Mayle's correlation. In the turbulent region, the mean velocity and temperature profiles demonstrate the logarithmic "law of the wall" characteristics over a sufficient range of Y+ (30-300). The wake regions are completely depressed.
The u' distribution is significantly elevated across the entire boundary layer in the laminar and turbulent regions due to The v' distribution in the outer boundary layer is controlled by the magnitude of v' in the free stream. The typical near-wall peak of v', which appears in the transition region at low FSTI, is not observed. In the turbulent region, the very near-wall peak of v. is suppressed and the maximum v' value occurs away from the wall in elevated FSTI cases.
The evolution of the uv distribution at elevated FSTI is similar to that at low FSTI. In the transition region, Reynolds shear stress is produced not in the near-wall region where the vigorous turbulence production of u' occurs but away from the wall, at about y/8=0.3. This high turbulent shear progresses toward the wall and eventually affects the wall shear.
The -ut/f q" w/pC ) distributions are elevated in the laminar and turbulent regions but reduced in the transitional region at higher FSTI. This indicates that the correlation between u and t at low FSTI is much better than that at elevated FSTI in transitional boundary layer flow. 
Fig. 18 Comparison among Different Grids
In the near-wall region (y/8<0.2), the Pr1 values are very large (>2); further verification of these high values is needed. In the region of y/8=0.2 -0.8, the Pr1 values are close to 1.2 -1.6. These higher Pr, in the transitional and low-Reynolds-number turbulent flow should be considered in the numerical modeling of transitional boundary layers.
